To understand the effects of disease-resistant maize varieties and new cropping systems on the population of Curvularia lunata, 52 isolates of C. lunata were collected in China from 2011 to 2013. The isolates were analyzed in terms of phylogenetic relationships, morphology, and pathogenicity. Phylogenetic analysis showed that the 52 isolates clustered into 2 distinct clusters with further subdivisions, suggesting the emergence of new genetic divergence within C. lunata. Results of morphology and pathogenicity analyses demonstrated that there were significant differences among these isolates: 27 isolates were classified as fast growing, 5 as slow growing, and 20 as moderate growing. Three isolates had white-colored colonies, 13 had yellowish green-colored colonies, and the remaining isolates had dark green-colored colonies. Furthermore, conidiation rates were assessed: 30 isolates were characterized as having low conidiation rates, 15 as having medium conidiation rates, and the remaining 7 isolates 12537-12546 (2015) as having high conidiation rates. Eleven of the isolates appeared to be strongly pathogenic against maize, 15 isolates proved to be weakly pathogenic against maize, and the remaining isolates were regarded to be moderately pathogenic. Interestingly, correlation analysis demonstrated a negative correlation between the growth rate and the pathogenicity of the isolates, while a positive correlation was observed between the conidiation rate and the pathogenicity. No correlation was observed between the colony color and the pathogenicity of the isolates.
ABSTRACT.
To understand the effects of disease-resistant maize varieties and new cropping systems on the population of Curvularia lunata, 52 isolates of C. lunata were collected in China from 2011 to 2013. The isolates were analyzed in terms of phylogenetic relationships, morphology, and pathogenicity. Phylogenetic analysis showed that the 52 isolates clustered into 2 distinct clusters with further subdivisions, suggesting the emergence of new genetic divergence within C. lunata. Results of morphology and pathogenicity analyses demonstrated that there were significant differences among these isolates: 27 isolates were classified as fast growing, 5 as slow growing, and 20 as moderate growing. Three isolates had white-colored colonies, 13 had yellowish green-colored colonies, and the remaining isolates had dark green-colored colonies. Furthermore, conidiation rates were assessed: 30 isolates were characterized as having low conidiation rates, 15 as having medium conidiation rates, and the remaining 7 isolates
INTRODUCTION
Curvularia leaf spot caused by the fungal pathogen Curvularia lunata (Wakker) Boed greatly influences corn cultivation and production worldwide (Dai et al., 1995; Dai et al., 1998; Li et al., 2006; Gao et al., 2014) . In China, C. lunata disease has become a major maize disease; in the 1990s, the pathogen caused tremendous yield loss and spread across more than 10 provinces nationwide. The occurrence of this disease in maize, however, has decreased with the cultivation of resistant varieties. Nevertheless, some studies have suggested the emergence of genetic variability in this pathogen with the cultivation of disease-resistant varieties. In support of this, Le et al found that a resistant C. lunata variety (NewIron 10) had lost disease resistance in the field, presumably from the emergence of a new, more pathogenic strain of the fungus (Le and Liu, 1997) . Genetic diversity studies on a limited number of fungal isolates have furthermore demonstrated significant variability among C. lunata isolates (Chen et al., 2003; Yan et al., 2005; Xu et al., 2007) : 100 genetic polymorphisms were detected in 22 isolates of C. lunata using the random amplified polymorphic DNA technique (RPAD) (Yan and Chen, 2002) , and 110 reproducible bands and 75 special proteins associated with virulence differentiation were separated from 6 isolates of C. lunata by one-and two-dimensional electrophoresis in 2007, indicative of huge biodiversity among the isolates (Xu et al., 2007) .
In recent years, the maize cropping system has changed substantially in China with the increased cultivation of disease-resistant varieties and/or cultivation of single, high-yield maize varieties (Chen et al., 2011) . These changes may have affected maize pathogen populations including C. lunata. However, new information regarding changes in the C. lunata population, due to the cultivation of disease-resistant varieties and new cropping systems, is limited.
An internal transcribed spacer (ITS) is a piece of non-functional RNA situated between structural ribosomal RNAs on a common precursor transcript. These RNA species and act as universal DNA barcode markers in fungi. Currently, ITS regions have been widely used in taxonomy and molecular phylogeny because they can be easily amplified from small quantities of DNA, and they furthermore exhibit a high degree of variation between closely related species (Schoch et al., 2012) . The main purpose of this study was to assess the genetic relationships between isolates of C. lunata from different maize growing areas in China using ITSs as indicators, and to determine whether new genetic divergence has occurred in this species. A further aim of this study was to gain some insight into the morphological and pathogenic variability among C. lunata isolates.
MATERIAL AND METHODS

Collection and isolation of fungal isolates
Maize leaves with spots typical for Curvularia leaf spot infection were collected from at least 3 different districts in each of 13 provinces in China (Heilongjiang, Jilin, Liaoning, Shandong, Henan, Shaanxi, Beijing, Shanxi, Anhui, Hebei, Sichuan, Hunan, and Fujian) from 2011 to 2013. The diseased samples were first placed in paper bags and then in polyethylene bags before being brought to the laboratory, where they were stored at 4°C until they were processed for isolation. The fungus was isolated via the single spore isolation method as follows: leaves with necrotic spots were cut into small pieces (5-mm long), surface sterilized with 75% alcohol for 10 s, then rinsed 3 times in sterilized distilled water. The leaf pieces were placed onto potato dextrose agar (PDA) and incubated in the dark at 28°C for 3 days. A small portion of an emerging colony was transferred onto a new petri dish containing PDA and incubated in the dark at 28°C for a further 3 days. A small portion of the colony was again transferred to new PDA as mentioned above, yielding a pure culture (Zhang et al., 2008) .
Identification of isolates and phylogenetic analysis
Isolated fungal colonies were first identified as C. lunata based on morphology, specifically in terms of the shapes of the conidia and conidiophores (Manamgoda et al., 2012) . To further confirm the identity of the isolates, the ITS regions of the isolates were sequenced. Genomic DNA was extracted as previously described (Liu et al., 2011) and the ITS region was amplified by PCR using the universal primers ITS1 and ITS4 (White et al., 1990) . The resulting PCR product was sequenced in both directions after cloning into pMD19-T vector (TaKaRa, Dalian, China). The ITS sequences were confirmed to be from C. lunata by the blastn search tool on the NCBI website (https://blast.ncbi.nlm.nih.gov). Three C. lunata strains (CX-3, SW-18, and Fk) obtained prior to 2004 were kindly provided by Professor Jie Chen (Shanghai Jiao Tong University, Shanghai, China) and were subjected to ITS sequence analysis. Representative ITS sequences of known C. lunata isolates were downloaded from the NCBI database. All sequences were aligned and edited manually using the MEGA5 (http://megasoftware.net) tool. Moreover, MEGA5 was used to construct a phylogenetic tree by the neighbor-joining method with minimum evolution criterion and 1000 bootstrap replicates as described by Saitou and Nei (1987) .
Radial growth rate, colony color, conidiation rate, and pathogenicity of isolates
To measuring the radial growth rate of the C. lunata isolates, a mycelium plug (4 mm) from a 7-day-old colony of each isolate was placed onto the middle of a PDA plate and incubated for 7 days at 28°C in the dark. Colony diameters were measured at 2 opposite axes and averaged, allowing for the calculation of growth rates per day. Based on these growth rates, the isolates were categorized as slow-(<0.5 cm/day), medium-(0.5-1.0 cm/day), and fast-(>1.0 cm/day) growing. Colony color was visually assessed the top of the petri dishes, and colonies were classified as white, yellowish-green, or dark-green.
For the conidiation assays, isolates were grown on PDA for 7 days at 28°C in the dark in a chamber. Ten mycelium plugs were taken from the edge of the media with a 4-mm diameter punch and then transferred into a tube containing 2 mL sterile water. The tube was mixed on a shaker and conidia numbers per mL were subsequently determined using a hemocytometer. Based on the rate of conidiation, isolates were grouped into 3 categories: low productivity (<5 x 10 5 conidia/mL), medium productivity (5-10 x 10 5 conidia/mL), and high productivity (>10 x 10 5 conidia/mL). Pathogenicity testing was conducted using the detached leaf assay. Huangzao-4, a maize inbred line susceptible to C. lunata, was used as host. The Huangzao-4 maize line has been used extensively in commercial hybrid production in China and has been well characterized genetically. All seedlings were grown in pots in a growth chamber at 25°C with a 14 h photoperiod and 60% relative humidity. The fourth leaves of the susceptible maize seedlings at the seventh leaf stage were cut into 5 cm fragments and placed into humid petri dishes. The leaf fragments were then inoculated with the 4 mm diameter mycelium blocks obtained from the 7-day-old fungal cultures, and after being placed in the light at 28°C for 72 h, the mycelium blocks were removed and the dimensions (length and width) of the resulting necrotic spots were measured. Four different levels of pathogenicity were determined based on the size of the lesions that formed on the detached leaves: 1, strong pathogenicity (lesion areas ≥ 1.0 cm 2 ); 2, medium pathogenicity (0.3 cm 2 ≤ lesion area < 1.0 cm 2 ); 3, weak pathogenicity (0 cm 2 < lesion area < 0.3 cm 2 ); and 4, no pathogenicity (no lesions). Three independent experiments each with 3 replicates were carried out for this assessment.
Correlation analysis
To assess potential relationships between the pathogenicity of the isolates and the growth rates, colony colors, and conidiation rates of the isolates, correlation coefficients (R) and twodimensional scatter plots were obtained from data analyses carried out with SPSS 19.0 © statistical software (SPSS, Chicago, USA. Correlations were grouped into different types according to the correlation coefficients (R): R < 0, negative correlation; R = 0, non-linear correlation; R > 0, positive correlation. |R| > 0.95 was considered a significant correlation, |R| > 0.8 a high correlation, 0.5 ≤ |R| < 0.8 a medium correlation, 0.3 ≤ |R| < 0.5 a low correlation, and |R| < 0.3 a very low correlation or no correlation (Li et al., 2012) .
RESULTS
C. lunata identification and confirmation
In total, 189 isolates were obtained from maize leaves with necrotic spots typical of C. lunata infection (Figure 1a ) collected from different maize production sites in China. Based on morphological criteria (Figure 1b, c) , 58 isolates were initially considered to potentially be C. lunata; however, a Blastn search with ITS sequences in the GenBank database revealed that only 52 of these 58 isolates were in fact C. lunata. Thus, both phylogenetic and biological assay analyses were performed only on the 52 C. lunata isolates identified based on both morphology and ITS sequence analysis.
Phylogenetic analysis
Phylogenetic analysis of the ITS sequences from 52 isolates, 10 representative C. lunata strains from NCBI GenBank, and 3 C. lunata isolates (CX-3, SW-18, and Fk) revealed 2 major genetic groups (G1 and G2) in C. lunata, supported by high bootstrap values (Figure 2 ). Group G1 was further subdivided into 2 subgroups (I and II). Subgroup I contained 4 isolates (LD-1, SD-11, AH-7, and AH-11) from 3 different provinces and these isolates were clustered into 1 branch with 89% bootstrap. Subgroup II contained 33 isolates from different provinces as well as 2 isolates (CX-3 and SW18) isolated prior to 2004. Group G2 was subdivided into 3 subgroups (III, IV, and V). The 10 sequences downloaded from GenBank were clustered separately into subgroup III; none of the isolates from this study was nested in subgroup III. Subgroup IV contained 11 isolates collected from 2011 to 2013 and 1 isolate (C. lunata Fk) from 2004. Subgroup V contained 4 isolates (SC-2, SC-6, SC-8, and SC-9) from the same province. Our data showed 8 isolates (LD-1, SD-11, AH-7, AH-11, SC-2, SC-6, SC-8, and SC-9) from this isolation to be divided into 2 separate branches compared with strains isolated before 2004, suggesting that the pathogen C. lunata did undergo new genetic divergence. 
Biological characteristics
The biological characteristics (radial growth rate, colony color, conidiation rate, and pathogenicity) of the 52 isolates are shown in Table 1 . Significant differences were observed between the growth rates of the 52 C. lunata isolates collected from different districts. Isolate HLJ-1 showed the highest growth rate (1.41 ± 0.01 cm/day), while isolate HB-11 showed lowest growth rate (0.35 ± 0.02 cm/day). Of the total of 52 isolates, 7 isolates showed radial growth rates above 1.0 cm/day, while the growth rates of 32 isolates were found to be <0.5 cm/day. The remaining isolates showed growth rates of 0.5-1.0 cm/day. The individual radial growth rates of all isolates are shown in (Table 1 , column 3). In addition, significant differences were observed in the colony colors of the 52 isolates. The C. lunata isolates were cultured on PDA plates for 7 days in the dark at 28°C and colony color was then assessed visually using a standard color chart. Three colony colors were observed: white, yellowish-green, and dark-green with 3, 13, and 36 isolates being grouped into each of these color types, respectively (Table 1, column 4). The differences between the conidial production rates of the isolates were found to be highly significant and the rates ranged from 0.06 ± 0.01 x 10 5 conidia/mL to 13.61 ± 1.55 x 10 5 conidia/mL. Analysis of the conidial production data revealed that 7 isolates had conidial production rates above 10 x 10 5 conidia/mL (considered high conidial productivity), while 30 isolates exhibited low conidial production rates of below 5 x 10 5 conidia/mL. The rest of the isolates (conidial production rates 5-10 x 10 5 conidia/mL) were grouped as having medium conidial productivity (Table 1 , column 5). Furthermore, significant variations in pathogenicity with regard to the lesions formed on detached leaves were observed among the 52 isolates. Eleven isolates were found to induce strong reactions on detached leaves, resulting in lesion areas ≥1.0 cm. These were classed as strongly pathogenic. Fifteen isolates only induced a weak reaction in detached leaves with resulting lesion areas between 0 and 0.3 cm 2 ; these were classed as weakly pathogenic. The remaining isolates appeared to have medium pathogenicity, with lesion areas between 0.3 and 1 cm 2 (Table 1 , column 6).
Correlation analysis: biological characteristics and pathogenicity
Two-dimensional scatter plots of the relationships between biological characteristics and pathogenicity were established using SPSS 19.0 © software. The results demonstrated a negative correlation between the growth rates and pathogenicities of the isolates with correlation coefficient (R) = -0.433 and significance probability (P) = 0.001 (Figure 3a) . A positive correlation was observed between the conidiation rates and pathogenicities of the isolates (R = 0.476, P = 0.000, Figure  3b ), while no correlation was observed between the colony colors and the pathogenicities of the isolates (R = 0.164, P = 0.245, Figure 3c ).
DISCUSSION
Pathogens that cause Curvularia leaf spot in maize include C. lunata, C. pallescens, C. maculans, C. clavata, C. tetramera, C. inaequalis, and C. senegalensis (Shi et al., 2000) . Among them, C. lunata is considered the major pathogen. It is very difficult to identify these closely related pathogenic species based on culture characteristics such as spore shape and colony appearance because many of these species share similar characteristics (Manamgoda et al., 2012) . In this study, 58 isolates were initially thought to be C. lunata based on the conidia and conidiophore Data are reported as means ± SD from three independent experiments with three replicates and were analyzed using SPSS 19.0 statistical software (SPSS, Chicago, IL). shapes; however, only 52 of these isolates were finally confirmed to be C. lunata based on analysis of ITS sequences. These findings confirm that molecular-based identification is indeed the gold standard for the accurate identification of C. lunata. Previous studies have demonstrated the ITS region to be very useful in the identification and assessment of genetic relationships among fungi, because the ITS region of fungi exhibits abundant diversity even within species (Schoch et al., 2012) . In this study, the ITS sequencing data allowed the C. lunata isolates to be clustered into 2 distinct clusters with several subgroups within each genetic group, indicating a high level of genetic diversity within C. lunata. To assess whether new genetic divergence has emerged in C. lunata since 2004, ITS sequence data of C. lunata strains was downloaded from GenBank (NCBI) for comparison, and the ITS regions of additional strains (CX-3, SW-18, and Fk) obtained prior to 2004 were sequenced. Including these additional data, the phylogenetic tree was still found to be divided into 2 large clades. Eight isolates (LD-1, SD-11, AH-7, AH-11, SC-2, SC-6, SC-8, and SC-9), however, formed a new subclade. These findings suggest that new genetic divergence had occurred in C. lunata. Potential correlations between the pathogenicities and selected biological characteristics (conidiation rate, growth rate, and colony color) of the 52 isolates were assessed using SPSS 19.0 © software. A negative correlation between the fungal growth rate and the pathogenicity of the C. lunata isolates was observed, indicating that slow-growing isolates did not exhibit reduced pathogenicity -in fact, these isolates exhibited strong pathogenicity. The fast-growing isolates SXI-17, HB-5, HB-8, HLJ-1, FJ-3, SC-2, SC-6, and SC-11, for instance, were found to be only weakly pathogenic, while the slow-growing isolates HB-9, HB-11, and HN-9 were found to be highly pathogenic. The pathogenicity of a slow-growing C. lunata mutant obtained by Agrobacteriummediated transformation to detached maize leaf was previously shown not to differ markedly from that of the wild-type strain (Liu et al., 2011) . This phenomenon suggests that there is no clear link between the genes that control growth and those that determine pathogenicity in C. lunata. A positive correlation was observed between the conidiation rates and the pathogenicities in the 52 isolates, indicative of conidiation rate affecting the pathogenicity of C. lunata. Conidiation-related genes may therefore be linked to some extent with pathogenicity-related genes. This hypothesis is further supported by the results of various other studies on plant fungi (Yi et al., 2008; Kim et al., 2011) . In the present study, no relationship was observed between the colony color and the pathogenicity of the isolates. Among the dark-green isolates, SXI-15, HB-8, HLJ-1, FJ-2, FJ-3, BJ-2, BJ-3, and SC-6 exhibited low pathogenicity, while isolates JL-9, SXI-11, HB-1, HB-9, HB-11, HN-5, SC-9, SX-1, and SX-2 exhibited strong pathogenicity. Similarly, the white isolate HNB-1 was moderately pathogenic, while the white isolates SC-11 and SC-15 exhibited only weak pathogenicity. These findings contradict some of our previous findings (Liu et al., 2011) . Melanin in C. lunata is known to consolidate the structures of the pathogen, such as appressoria and infection pegs, that are required for effective mechanical penetration. According to current understanding, C. lunata might produce other virulence factors such as cell wall-degrading enzymes, toxins, and laccase (Feng et al., 2002; Zhou et al., 2010) . Evidence indicates that the pigment produced by a pathogen is not the main factor determining pathogenicity, but rather that the pigment is a result of diversified environmental behavior. It is possible that the results of the pathogenicity versus color correlation analysis in this study were affected by different division standards; however, these data will nevertheless provide some useful information for further study on C. lunata.
